Summary. Negative charged sites in the normal rabbit articular cartilage were investigated using cationic colloidal iron methods. In light microscopy of the cartilage stained with the colloidal iron at pH 1.5, a distinct Prussian blue reaction was observed in the pericellular matrix, and a weak blue reaction in the territorial and interterritorial matrices. At pH 7.0, a diffuse Prussian blue reaction was observed in the pericellular and interterritorial matrices.
Digestion with chondroitinase ABC, hyaluronidase and keratanase could not erase the Prussian blue reaction. However, the sections digested with collagenase followed by chondroitinase ABC showed significant elimination of the Prussian blue reaction.
Electron microscopy of ultrathin sections stained with the colloidal iron at pH 1.5 revealed that the cationic colloid particles were deposited abundantly in the pericellular matrix and dotted along collagen fibrils in the territorial and interterritorial matrices. The present results suggest that negatively charged sites in the articular cartilage derive mostly from chondroitin sulfate, whose proteoglycans firmly bind to collagen fibrils. Such an ultrastructure may maintain the electrostatic microenvironment in the collagen plexus, holding much water in the cartilage matrix, and also producing biomechanical properties such as tensile strength and elasticity of the cartilage.
The extracellular matrix of the articular cartilage has two major constituents:
large aggregating proteoglycans and collagen networks. The aggregating proteoglycans, aggrecans, are mainly composed of glycosaminoglycans such as chondroitin sulfate, keratan sulfate, and hyaluronic acid (STOCKWELL and SCOTT, 1967; MAROUDAS et al., 1969 ). An osmotic pressure and an electrostatic environment, which are created by negatively charged glycosaminoglycans, lead to the absorption and retention of much water into the extracellular matrix of cartilage, including collagen networks. These factors are considered to produce biomechanical properties of normal cartilage, namely tensile strength and elasticity (NEAME, 1992) .
The localization of glycosaminoglycans in the cartilage matrix was investigated using various kinds of charged probes (LOTHE and RUTTNER, 1971; SHEPARD and MITCHELL, 1977) . However, these probes can only be used at limited or fixed ranges of pH values. Recently, our cationic colloidal iron staining has been modified to consist of fine colloidal particles and to be stable over a wide range of pH values (0.8-7.6) (MURAKAMI et al., 1986; OHTSUKA et al., 1993) .
The present study aims to detect negatively charged or anionic sites in the normal rabbit articular cartilage using cationic colloidal iron by light and electron microscopy, and to identify the origins of negative charges by chemical modification and enzyme digestion methods.
MATERIALS AND METHODS

Light microscopy
Under general anesthesia with intravenously administered sodium pentobarbitone (Nembutal, Abbott Labo, Illinois), articular cartilage of the femoral condyles was excised together with subchondral bone from five adult rabbits, and immediately washed in physiological saline to remove synovial fluid. The specimens were fixed with 4 % paraf ormaldehyde in 0.1 M cacodylate buffer (pH 7.4). After rinsing with 0.1 M cacodylate buffer, they were decalcified in the Planc-Rychlo's solution, neutralized with 5% sodium sulfate, and embedded in paraffin. Then, they were cut into sections and processed as described below.
Cationic colloidal iron staining
Sections were incubated in cationic colloidal iron (MURAKAMI et al., 1986) at pH values 1.5, 2.5 and 7.0. After rinsing with distilled water, sections were then treated with 1 % K4 Fe(CN)6 in 0.1 M HCl for Prussian blue reaction, and counterstained with nuclear fast red.
Methylation and saponification
Sections were methylated by incubation for 4 h in a mixture of 0.8 ml of 31% HCl and 100 ml of absolute methanol at 60t (active methylation) (SPICER, 1960) . Methylated sections were saponified by incubation in 1 % KOH in 70% ethanol for 5-20 min at room temperature. Methylated or methylated-saponified sections were processed for cationic colloidal iron staining (pH 1.5, 2.5) as described above.
Enzyme digestions
Prior to cationic colloidal iron staining, some sections were applied to single or multiple enzyme digestions as described previously (MURAKAMI et al., 1994; ToDA et al., 1995) . In each case, an adjacent section was incubated as a control in the same buffer containing no enzyme. All control and treated sections were washed with distilled water on the agitator for 15 min, and stained with cationic collidal iron at pH 1.5. 1) Chondroitinase ABC: Some sections were rinsed with 0.04 M Tris-HC1 buffer (pH 8.0) for 5 min and treated with 1.0 U/ml chondroitinase ABC (Proteus vulgaris) (Seikagaku, Tokyo) in 0.04 M Tris-HC1 buffer containing 0.1 M sodium acetate and 0.02 bovine serum albumin for 2 h at 37t.
2) Keratanase: Some sections were rinsed with 0.01 M Tris-HCl buffer (pH 7.4) for 5 min and treated with 2.0 U/ml keratanase (Pseudomonas sp.) (Seikagaku, Tokyo) in 0.01 M Tris-HCl buffer for 2 h at 37t.
3) Hyaluronidase: Some sections were rinsed with 0.02 M sodium acetate-acetic buffer (pH 6.0) containing 0.21% NaCI for 5 min, and treated with 100 TRU/ ml hyaluronidase (Streptomyces hyaluronidase) (Seikagaku, Tokyo) in a 0.02 M sodium acetate-acetic buffer (pH 6.0) containig 0.21% NaCI for 3 h at 60t. 4) Combined digestion with chondroitinase ABC, keratanase and hyaluronidase:
The above-described enzyme treatments were variously combined. In these cases also, adjacent sections serving as controls were immersed successively in the respective solvents or buffers containing no enzymes. 5) Collagenase: Prior to above-described enzymic digestions, some sections were treated with 0.005 collagenase (Cl. histolyticum) (Elastin Products Co., Missouri) in distilled water for 60 mm at 37t.
Electron microscopy
Small blocks of articular cartilage measuring 1.0 x 1.0 x 0.5 mm were excised from the rabbit femoral condyle. They were fixed with 2% paraformaldehyde and 0.5% glutaraldehyde in 0.1 M cacodylate buffer, dehydrated with ethanol, and embedded in LR white resin (hard grade: London Resin). Ultrathin sections were stained with cationic colloidal iron at pH values 1.5, 2.5 and 7.0 washed, and air-dried (OHTSUKA et al., 1993) . The dried sections were exposed to osmium vapor, and observed with a transmission electron microscope (Hitachi, H-7100).
RESULTS
Light microscopy
The cartilage tissue covering the articular surface of the rabbit femoral condyles was well maintained after immersion fixation and decalcification. In the sections stained with cationic colloidal iron at pH 1.5 (Fig. la) , a distinct Prussian blue reaction was observed in the pericellular matrix around each chondrocyte of the articular cartilage, and a weak and diffuse Prussian blue reaction was noted in the interterritorial matrix. At higher magnification (Fig. ib) , the pericellular matrix showed a distinct Prussian blue reaction, and the territorial matrix (immediately outside the pericellular matrix) reacted moderately. Furthermore, the cytoplasm of chondrocytes showed a blue reaction. In the sections stained with the colloidal iron at pH 2.5 (Fig. lc, d ), though the localization of the Prussian blue reaction was similar to those at pH 1.5, the intensity of the blue reaction increased. At pH 7.0 (Fig. le, f) , the intensity of the Prussian blue reaction in the interterritorial matrix increased, and a strong Prussian blue reaction was observed diffusely in the pericellular and interterritorial matrix.
On the surface of the articular cartilage (Fig. 2) , a thin layer of weak Prussian blue reaction was detected even at a pH value of 1.5. At pH 7.0, the intensity of this layer increased markedly (Fig. le) .
In the sections which were methylated actively (60t, 4 h), the Prussian blue reaction completely disappeared at both pH values of 1.5 (Fig. 3a) and 2.5 (Fig. 3b) . When methylated sections were saponified, the Prussian blue reaction was not recovered at pH 1.5 (Fig. 3c ) but slightly recovered in the pericellular matrix at pH 2.5 (Fig. 3d) . The effects of enzyme digestions on the colloidal iron staining are summarized in Table 1 . Preliminary chondroitinase ABC treatment obliterated the cationic colloidal iron staining on the luminal surface of the articular cartilage and in the cytoplasms of chondrocytes (Fig. 4a, b) . However, the extracellular matrix within the cartilage showed no clear decrease in cationic colloidal iron staining. The sections treated with hyaluronidase also showed deletion of the iron staining on the cartilage surface and within the chondrocyte, but not in the extracellular matrix. Prior keratanase treatment did not erase the colloidal iron staining of any tissue sites in the articular cartilage. The sections digested in combination with various enzymes showed no tissues further obliterated.
The sections solely treated with collagenase showed a slight decrease of the Prussian blue reaction in the pericellular matrix (Fig. 4c) . The Prussian blue reaction in the interterritorial matrix showed a dotlike form. Collagenase treatment followed by chondroitinase ABC digestion eliminated the blue reaction in almost all of the extracellular matrix (Fig. 4d) . The sections digested with keratanase or hyaluronidase after collagenase treatment showed no further obliteration of the colloidal iron staining compared with the specimens treated with only keratanase or hyaluronidase, respectively.
Electron microscopy
In the present electron microscopic study, we researched the chondrocytes in the transitional zone. In the sections stained with cationic colloidal iron at pH 1.5, fine electron dense colloidal particles were deposited in the pericellular matrix (width; about 0.5u m) between the chondrocyte and collagen fibrils (Fig. 5) . Deposited colloidal particles aggregated to form globules or dots of various size (10-40 nm). The borders between the territorial and interterritorial matrix were obscure in the present electron microphotographs, and the pericellular capsule, which had been described by POOLE et al. (1984) , was not clearly identified. Dot-like aggregations of colloid particles were distributed along collagen fibrils in the interterritorial matrix (Fig. 5 inset) .
At pH 2.5, colloidal particles deposited in the pericellular matrix (Fig. 6 ) and along collagen fibrils (Fig. 6 inset) formed larger globules (20-60 nm) than at pH 1.5.
At pH 7.0, colloidal particles deposited in the pencellular matrix showed globules with fine strands, some of which were binding to each other and to collagen fibrils (Fig. 7) . In the interterritorial matrix, colloidal particles were distributed continuously along collagen fibrils (Fig. 7 inset) . . Transmission electron micrographs of normal rabbit articular cartilage stained with cationic collidal iron at pH 1.5. The pericellular matrix (P) shows a marked deposition of collid particles (a)-rows) in a band between the chondrocyte (C) and collagen fibrils. Inset: A higher magnification of collagen fibril in the interterritorial matrix (IT). Dot-like colloid particles are distributed along collagen fibrils (a)-rows). x40,000, inset: X 100,000 
DISCUSSION
The present cationic colloidal iron staining has shown that negatively charged glycosaminoglycans exist abundantly in the rabbit articular cartilage. The negatively charged sites in the articular cartilage have been localized using various cationic probes such as safranin 0 (SHEPARD and MITCHELL, 1977) , ruthenium red (SHEPARD and MITCHELL, 1977) , toluidin blue (KANAZAWA, 1974) and alcian blue (LOTHE and RUTTNER, 1971) . However, these probes were only useful at limited or fixed ranges of pH values. Our colloidal iron allowed both light and electron microscopic detection of negatively charged sites in various tissues over a wide pH range of 0. 8-7.6 (MURAKAMI et al., 1986) . Thus in the present study for the articular cartilage, we could detect differences in staining patterns according to the pH value of the staining solution. The present study disclosed that actively methylated sections showed no colloidal iron staining at pH 1.5 and 2.5, and methylatedsaponified sections showed no recovery of the stain at pH 1.5, though there was a slight reversion at pH 2.5. These findings suggest that ionized anionic sites in the articular cartilage are only sulfate groups at pH 1.5, and sulfate and carboxyl groups at pH 2.5.
The present study indicates that strong negative charges, which were ionized even at pH 1.5 were dense in the pericellular matrix, and coarse (along collagen fibrils) in the territorial and interterritorial matrices. Although they are considered to be derived from sulfated glycosaminoglycans, little has been digested by enzyme treatments with chondroitinase ABC, keratanase, hyaluronidase or their combinations. However, chondroitinase ABC treatment combined with prior collagenase digestion completely obliterated the colloidal iron staining. This may indicate that almost all sulfated glycosaminoglycans are chondroitin sulfate. ASARI et al. (1992) biochemically demonstrated that keratan sulfate was one of the main constituents in the articular cartilage. They also showed that the immunohistochemical intensity of this keratan sulfate in the articular cartilage was enhanced after pre-treatment with chondroitinase ABC. These facts imply that chondroitin sulfate is a major constituent of proteoglycans, and that keratan sulfate is masked by chondroitin sulfate. This masking may cause no change in colloidal iron staining in our keratanase digestion.
It is noteworthy that collagenase treatment followed by chondroitinase digestion induced complete elimination of the colloidal iron staining at pH 1.5. This fact strongly suggests that proteoglycans which contain chondroitin sulfate bind to collagen fibrils in the cartilage extracellular matrix. Some authors (NoRo et al., 1983; MULLER-GLAUCER et al., 1986) have suggested that type IX collagen, the so called FACIT (fibril associated collagen with interrupted triple helix) collagen, contributes not only to the stability of the network of the collagen fibrils, but also to the connection of proteoglycans and collagen fibrils. The negative charges of proteoglycans anchored to the collagen fibrillar plexus keep an electrostatic field within the plexus, where much water can be absorbed and retained. Thus, the ultrastructual feature of collagen fibrils accompanied with abundant negative charges may bring about biomechanical properties such as tensile strength and elasticity to the articular carilage.
Our present colloidal iron staining under light microscopy has confirmed the electron microscopic findings by STANESCU and LEIBOVICH (1982) , demonstrating more clearly that the surface of the articular cartilage has a thin layer of strong negative charges which is removed by chondroitinase ABC and hyaluronidase. Furthermore, the stainability for the colloidal iron of this layer increased at pH 7.0. Our findings thus strongly suggest that the negatively charged layer on the cartilage surface consists of two components; chondroitin sulfate-rich proteoglycans and some other glycoprotein with weak acid groups. This view is consistent with the hypothesis (ORFORD and GARDNER, 1985) that the cartilage surface layer comprises two sublayers: 1) superficial collagen free layers containing some glycoproteins but no sulfated proteoglycans;
2) deep layers with collagen fibrils with chondroitin sulfate. Abundant fibronectin was localized in the superficial collagen free layers as one such glycoproteins (NISHIDA et al., 1995) .
The present electron microscopic observation has shown the preferential deposition of colloidal iron particles in the pericellular, territorial (detected obscurely) and interterritorial matrices even at pH 1.5. Chondroitinase ABC digestion erased this colloidal deposition, indicating that these matrices mainly contain chondroitin sulfate. The globular aggregation of colloidal particles at pH 2.5 was larger than those at pH 1.5. This may indicate that hyaluronic acid binding to chondroitin sulfate become reactive at this pH level. At pH 7.0, almost all anionic groups, including hyaluronic acid and some glycoproteins and glycolipids, were reactive to colloidal iron. These random reactions may be observed as the reticular formation. This characteristic distribution of anionic glycosaminoglycans suggests that glycosaminoglycans deposited in the pericellular matrix may protect chondrocytes from environmental factors, and that
